Abstract-The increasing world population, and therefore the increasing of the energy demand bring us to the scenario in which the energetic solutions have to be supported by the renewable energy sources, i.e., solar energy, wind energy, tidal energy, etc. Due to the geographic location of Ecuador, these types of energy sources can be considered during the analysis, design and implementation of a rural electrification system. An off-grid electrification is helpful, especially for providing electrical energy in remote areas. The purpose of this work is to analyse and propose a suitable energetic off-grid system solution for rural electrification in a selected county placed in Ecuador. This study is based on insitu measurements of energy consumption as well as on the quantification of possible energy sources, i.e., solar and wind energy. This analysis is carried out with the help of a simulation tool. Considering the real obtained data, the electric load profile for a community is estimated and a complete system is proposed. Additionally, technical and economic details of a Wind-Solar energy system are presented.
I. INTRODUCTION
The interest and development of new standards for smart electric systems integrating renewable energies have been increasing during the last years [1] [2] . These systems are constitutive of an infrastructure that can provide with electric load for different applications such as smart home, electric vehicles, irrigation systems and others [3] [4] . In addition, the electrical energy obtained from a microgrid, off-grid or gridconnected can be managed in a more efficient manner according to [5] .
Due to their characteristics, the applicability of the offgrid systems are on the rise worldwide. For developing countries, providing energy access is an important driver for off-grid renewable energy systems. The mentioned systems are, in many cases, the most economical solution for people without access to electricity [6] , especially in remote areas.
There have been several studies related to the Hybrid Power System (HPS) [7] [8] [9] [10] [11] [12] [13] considering different characteristics of the systems and demand. However, in this study, to decrease the oil dependence and propose a complete friendly environmental system, no diesel generator is considered during the corresponding design. Additionally, the data used for the present study are obtained in-situ, which give us a very realistic approximation.
In Ecuador, according to the Population and Housing Census conducted in 2010, it was estimated that the total percentage of households with electricity in rural areas is 89.03% [14] and in border areas, electricity supply is still very precarious [15] .
According to a study in 2014, the generation of electricity in Ecuador coming from solar and wind resource, considering the total energy supplied, are about 0.07% and 0.32%, respectively [16] . Considering the geographic location of the country, there are have been several efforts to start taking advantage of these resources efficiently during the last years. For example, for power generation purposes the Solar and Wind Atlas were published in 2008 and 2013, respectively [17] .
The implementation of a complete off-grid rural electrification system is not suggested if a feasibility analysis of the energy system is not effected. Additionally, before the implementation and start up, several variables such as material cost, operating cost, benefits, etc. must be considered. In order to analyze such feasibility, system scale modeling appears a powerful tool to design and validate the possibility of building the off-grid system.
The computational tool applied in this work is HOMER. The different parts of the system are adapted according to the specifications of electric load demand required. Such electric demand is, as mentioned, based on real obtained data. Finally, a generation system is proposed. More detail information about the design process and analysis is given in the corresponding sections.
The rest of the paper is divided as follows: Section II is mainly dedicated to general information about the process for the modeled system and characteristics of the selected place. Section III presents the characteristics of the model based on the computational tool used. Simulation results and discussions are given in Section IV. Finally, the conclusions of the present study are presented in Section V.
II. BACKGROUND INFORMATION
This research is carried out following several steps, starting with the data collection (from weather stations as well as electricity consumption habits) to the analysis and simulation of the system considering the different parts of the off-grid system, as depicted in Fig. 1 Characteristics and limitations for each step presented in Fig. 1 are given in the next sections.
A. Location and population
Ecuador is an oil producing country with a population estimated over 16 million in 2014. There are twenty-four provinces, and the total electricity coverage is 97.04%. However, there are three provinces with the lowest coverage: Napo, 86.97%; Pastaza, 87.58% and Santa Elena, 90.81% [16] .
For this work, the selected rural parish is Atahualpa, a small village in the Santa Elena county in the Ecuadorian province of Santa Elena [18] [19] . The details of the village are listed in table I. 
B. Electric Load profiles estimation
In previous studies, some authors have estimated the electric charge in remote areas. For instance, in [20] the electrical load to domestic purposes in a village has considerable low energy consumption -energy lights (CFL), radio, ceiling fan and table fan. A similar study has considered a remote residential home with an electrical load of 2 kW peak to perform the corresponding analysis [21] .
In this study, Atahualpa has remote residential homes which lack access to the utility grid. Therefore, in order to analyze the efficiency and reliability of the power generation system, a total electric load of twelve homes has been considered. In each house, a load of 0.97 kW peak is required. Consequently, taking into account the mentioned demand considerations, a group of twelve homes requires up to 11.61 kW peak, approximately.
A typical sample of the daily load profile is shown in Fig.  2 . From the load profile, it can be noticed that the load requirement varies throughout the day. Furthermore, it can be observed that the maximum demand occurs during the evening hours, i.e., from 6 pm to 10 pm. The electric load of each residential building was estimated based on previous general and particular studies [19] [22] . Table II shows the electrical equipment used per family, which is composed of five members.
C. Solar energy potential assessment
For this study, the solar radiation profile of Atahualpa, Santa Elena, ( The solar radiation data were estimated to range between 3.99 kWh/m 2 and 5.85 kWh/m 2 . The annual average was scaled to be 5.05 kWh/m 2 /day, and the average clearness index was found to be 0.50 with some variations along the year. It can be noticed that more solar irradiance is received from November to May while less solar irradiance is to be expected between June and October, with the minimum value during August. The solar irradiance variation is a key variable to consider in order to ensure continuity of service power required by electrical load. 
D. Wind energy potential assessment
Wind speed data are obtained in situ from weather stations at 4 m of height. The wind speed data are estimated to range between 2.6 m/s and 3.27 m/s, and the annual wind speed average is scaled to 2.84 m/s. Fig. 4 shows the wind speed profile over a one-year period.
Considering the measured data, higher wind speed values are expected from June to March, while lower wind speed values are obtained during April and May. Due to the monthly average wind speeds in Atahualpa are relatively low, the greater contribution of power generation in the system is concerned with the PV array.
In order to extrapolate the measurements to a height of 10 m the Hellmann's Exponential Law [10] is used:
Where V(z) is wind speed estimated at desired height z, V(zr) is the wind speed at boundary layer height zr, and α is the power-law index. For Atahualpa, given the characteristics of the region, α is established equal to 0.6 [24] . Therefore, the estimated wind speed to a height of 10 m is approximately 4.92 m/s. For the proposed system, the wind turbine is sized based on this mentioned speed. 
III. SYSTEM DESCRIPTION AND DESIGN SPECIFICATION
The proposed Power System (PS) is mainly constituted of wind turbines and Photovoltaic (PV) arrays. Unlike other studies of HPS [7] [8] [9] [10] [11] [12] [13] where diesel generator is usually used as a back-up unit for peak load, poor resource periods or/and reduce Cost Of Electricity (COE), the present work only considers battery bank as a back-up unit and Storage Energy Systems.
This PS, based on Solar-Wind Renewable Energy for OffGrid Rural Electrification, can be used to estimate the system performance that excludes the dependency of fossil as backup. This can be achieved since this system uses 100% real weather data from renewable energy sources. For this study, the computational tool used to evaluate design options and sizing the components of the PS is HOMER. It is a computational tool developed in 1992 by the U.S. National Renewable Energy Laboratory (NREL). HOMER simulates and optimizes both off-grid and gridconnected power systems through three principal tasks: simulation, optimization, and sensitivity analysis [25] [26] . The configuration of the PS is shown in Fig. 5 . There are four main components to be considered, i.e., wind turbines, PV modules, batteries and converters.
A. Homer Simulation Model
In order to determinate technical feasibility and life-cycle cost of the PS, HOMER performs an hourly time series simulation based on the components selected by the designer. In this instance, the software carries out the energy balance calculation over one year through the system configuration. The system configuration is modified by testing the energy balance considering variations of the components in number and size. Then, it determines the best feasible system configuration that can adequately serve the total electrical load demand and satisfy any other constraints imposed by the designer. Additionally, it should be noted that HOMER simulates the PS based on several parameters such as capital cost, replacement cost, operational and maintenance (O&M) cost, capacity and lifetime [26] .
Moreover, during the optimization process, HOMER analyzes each possible configuration performance during the simulation process, and come out with a list of optimal configurations sorted based on the Total Net Present Cost (TNPC). Considering the information obtained using the tool, the designer can perform configuration comparisons vs. lowest and highest TNPC [26] . The criteria for selecting the optimal PS configuration is the lowest TNPC.
On the other hand, the list of configurations based on TNPC is varied depending on sensitivity variables such as global solar and wind speed. The mentioned variations can be selected by the same designer. In the sensitivity analysis process, HOMER repeats the optimization process for every selection of sensitivity variable for the PS. Finally, the list of various configurations of PS is displayed from the lowest to the highest TNPC [26] .
Characteristics for each selected component of the system applied in the analysis are given in the next sections.
B. PV array
The PV panels are connected in series. The capital cost for each capacity (kW) is $3000 and the replacement cost is $2500. These costs include shipping, tariffs, installation and dealer markups. The O&M cost is assumed to be $10/year for each kW.
Considering the location of Atahualpa, the array slope angle is set to 10 o and the array azimuth is 0 o . The azimuth is referring to the North direction. The lifetime for this PV array system is 25 years with a derating factor (fPV) of 90%, and the ground reflectance is 20%. The orientation of the array is fixed, i.e., no tracking system is considered. It should be noted that this PV array would only generate electricity at day time, i.e., from 6 AM until 6 PM. At night, there is no electricity generated from this source, and therefore; the output from solar is 0 W. At night, the battery bank will take over the task [5] . Given the measured data, the power generated by PV array is more than the generated by wind turbines at Atahualpa due to better solar insolation.
C. Wind turbine
Due to monthly average wind speeds are relatively low in Atahualpa, small scale wind turbines used for off-grid applications in remote areas are considered. These turbines can be used to generate electricity to charge batteries and to power DC or AC loads [27] .
Based on an average wind speed 2.84 m/s (height = 4 m) and 4.92 m/s to a hub height of 10 m, the SW AIR X Wind Turbine is selected. This can be installed in oceanic areas, which is an advantage because Atahualpa is very close to the Pacific Ocean.
One turbine SW AIR X gives a 0.55 kW of DC output. However, the amount of electricity generated depends on availability and variations of the wind speed, i.e., according to a particular power curve of the manufacturer.
The cost of one unit is taken as $1200, while the replacement and the O&M cost are considered to be $1100 and $20/year respectively. The lifetime of this turbine is 15 years.
D. Storage battery bank
Battery bank is used as a backup unit and Storage Energy Systems. Its main function at the PS is to provide a reliable supply, i.e., maintaining a constant voltage during peak loads or a shortfall in generation capacity [20] [26] .
The type of battery selected for the PS is Trojan T-105 with nominal voltage of 6V and a nominal capacity of 230Ah. The minimum state of charge is 30% and its round trip efficiency is 85%. It has a lifetime throughput of 845 kWh.
The cost for one unit of this battery is $150 with the replacement cost of $130. The O&M cost is assumed to be $10/year for each battery.
The batteries coupled to the system are charged with the excess of electricity when PV-Array and Wind Generator are operating at maximum rated capacity, i.e., under the charging dispatch strategy cycle.
E. Converter
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The capital cost, replacement cost and O&M costs of the converter for a 1 kW system are established as $300, $250, and $10/year, respectively. The lifetime of the converter is 15 years, and inverter efficiency of 90%.
IV. RESULTS AND DISCUSSION

A. Optimization of renewable energy system
A brief summary of the data for each selected component is shown in Table III . The optimal combination of PS components for our case study is a 25 kW PV-Array, 9 SW-AIR X turbines, 180 T-105 batteries and 12 kW Inverter with a dispatch strategy of cycle charging (CC). This system consider the wind speed as 2.84 m/s, i.e., the annual average with a height of 4 m. The most economical (least TNPC) system cost, capital cost and COE for this HPS are $179928, $116400 and $0.444/kWh, respectively.
It can be noticed that in Ecuador, one residential user of an electric distribution company with consumption greater than 3500 kWh/month must pay $0.6712/kWh excluding other taxes [29] . In our study, this HPS generates 49726 kWh per year, i.e., 4143.83 monthly on average, with a COE of 0.444/kWh and serves the total electric load demand of 12 homes located in remote areas. Fig. 6 depicts the monthly distribution of the electricity produced in kW by the PV-Array and Wind Generator. It is evident that the main contribution throughout the year comes from the photovoltaic system. This result agrees with the already mentioned about the wind speed values are not as high in Atahualpa. However, the simulation and optimization denote a contribution of the nine micro-turbines might not be negligible.
The PV-Array produces 40986 kWh/year and operates 4349 h/year (capacity factor 18.72%). At this level of operation, the COE of PV System becomes just $0.15/kWh.
On the other hand, wind generator produces 8741 kWh/year with a capacity factor of 20.16% (operating for 8077 h/year), and the COE of the wind generator is also $0.15/kWh.
The 23.8% of the generated electricity, i.e., 11822 kWh/year, goes unused due to low demand, and is used to feed the dump loads. This is particularly high from November to April when solar irradiance reach high values, and the PV system has a surplus of electrical production. However, a related study [20] presents two possible benefits: PS could have the capability to serve a growing demand in the future; or it could also meet the demand of other nearby homes. Therefore, with increasing demand, the load factor is increased and the COE will decrease.
B. Consideration of sensitivity variables
Sensitivity analysis is also performed. Fig. 7 depicts the variation of the COE through respective sensitivities of wind speed vs. PV capital cost multiplier.
According to data collected in Atahualpa by meteorology station [18] , the variation in wind speed is, on average, between 2.27 and 4.67 m/s. The current maximum PV price is assumed to be $3000/kW and the minimum $1800/kW, considering a future fall in price [30] . It can be noted from Fig. 7 , cost of 1 kWh is favored as PV price decreases and wind speed increases. In the same way, when wind speed increases and PV price decreases, the TNPC of the system will fall. However, the TNPC and COE will be more expensive when the above variations are not carried out.
On the other hand, considering the PV capital cost multiplier = 0.6, i.e., $1800/kW and Wind Speed = 4.67 m/s; HOMER displayed the best PS configuration with the following characteristics: 25 kW PV-Array, 8 SW-AIR X turbines, 180 T-105 batteries and 12 kW Inverter with a dispatch strategy of cycle charging (CC). The TNPC, capital cost and COE are $146955, $85200 and $0.362/kWh, respectively.
The PV-Array produces 40986 kWh/year and operates 4349 h/year and its capacity factor is 18.72%. The COE of PV System is $0.09/kWh. Moreover, wind generator produces 10116 kWh/year with a capacity factor of 26.25% (operating for 7570 h/year) and the COE of the wind generator is $0.11/kWh.
The excess of electricity is 13186 kWh/year, which is 25.8% of total energy generated. As showed, varying both the PV capital cost multiplier and wind speed, the PS characteristics are modified.
V. CONCLUSIONS
This work presents the optimal design and economically viable hybrid power system solution that is a fully renewablebased. This study is performed using the HOMER software, which provides very efficient tools for our analysis off-grid rural electrification in Atahualpa.
The COE from the optimal HPS configuration that serves the total electric load demand of twelve homes is about $0.444/kWh. This value is cheaper than $0.6712/kWh, which is obtained from one residential user of an electric distribution company with consumption greater than the load demand in Atahualpa.
Moreover, if considering sensitive variables, the COE of the PS becomes just $0.362/kWh. It is noted that, the sensitive configuration of the PS is almost similar to the optimized, it only differs in a wind turbine. In this case, the wind generator provides the greatest support for electricity production, their capacity factor goes from 20.16% (optimal configuration) to 26.25% (sensitive configuration). This could be an opportunity to retort this system in other remote locations that have higher levels of wind speeds. On the other hand, the cost of the PVArray may decrease due to state incentives or price in fall. In a future work, a comparative analysis of technical and economic parameters of an off-grid PS and grid extension will be performed. So, the breakeven grid extension distance will be determined in order to assess whether the Grid extension is feasible or off-grid system is much more appropriate.
